Abstract -Honeybee colonies (Apis mellifera ) host a number of parasites, among which the mite Varroa destructor has been implicated in colony losses recorded around the world in recent years. Although many studies have been carried out on the direct and indirect damage caused by the mite to its host, the possible influence of mite infestation on the in-hive behaviour of honeybees has received little attention so far; moreover, to our knowledge, no behavioural study has been performed on adult bees infested during the pupal stage, which is when the mite causes most of its detrimental effects. In order to assess any possible consequence of infestation on the in-hive behaviour of honeybees, we carried out detailed observations on adult bees artificially infested during the pupal stage. We recorded a higher proportion of inactive bees among the infested ones; moreover, we observed that infested bees are less involved in tending larvae and dealing with hive duties compared to their uninfested mates. These results allow to draw some hypotheses which could be tested using the infestation method presented here.
INTRODUCTION
Parasitism is likely the most common lifestyle in the animal kingdom (Price 1980) . Generally, parasites show a high degree of adaptability to their host, but a number of cases are known where the parasite actually changes the behaviour of the host rather than adjusting to it (Libersat et al. 2009; Poulin 2010) . In general, parasites manipulate the behaviour of the host in order to improve their reproductive capacity or the ability to spread and survive (Thomas et al. 2005) .
Honeybee colonies (Apis mellifera L.) host a large number of parasites, among which the mite Varroa destructor Anderson and Trueman is the most harmful for its potential effects on the very survival of the colony (Rosenkranz et al. 2010; Sammataro et al. 2000) . In particular, it is now widely accepted that the decline of honeybee colonies observed on a large scale in recent years is mainly related to the detrimental effects exerted by the mite (Le Conte et al. 2010; Neumann and Carreck 2010) . At the individual level, V. destructor can reduce the lifespan of infested honeybees and determine a wealth of physiological alterations, including reduced weight and water content of emerging honeybees Bowen-Walker and Gunn 2001; Yang and CoxFoster 2007) . Additional physiological changes induced by the parasite regard metabolism, vitellogenin titre and the proportion of normal haemocytes (Amdam et al. 2004; McDonnell et al. 2013; Richards et al. 2011; van Dooremalen et al. 2013) .
Furthermore, the mite can influence honeybee behaviour by promoting an accelerated maturation leading to a precocious onset of the foraging activity (Downey et al. 2000) , which is altered in terms of flight duration and orientation ability (Kralj and Fuchs 2006; Kralj et al. 2007 ).
Most of the early studies correlated the adverse effects of mite infestation to the direct action of the parasite, including the crippled wings shown by bees emerging from infested cells (De Jong et al. 1982) . However, it is now clear that V. destructor can trigger the replication of the deformed wing virus (DWV) which is normally present in bees at non-lethal levels as demonstrated by several studies showing that DWV is widespread in Europe with a prevalence approaching, in Summer, 100 % (Dainat et al. 2012; de Miranda and Genersch 2010; Nazzi et al. 2012 ). Actually, extremely high titres of DWV, resulting from mite infestation, are the true responsible for the wing deformities noted in infested bees (Bowen-Walker et al. 1999; Chen et al. 2005; Yue and Genersch 2005) . However, deformed-wing bees survive for only 1-2 days (Yang and Cox-Foster 2007) , whereas normalwinged bees emerging from mite-infested brood cells show DWV infection levels that are significantly higher than those recorded in uninfested bees Yang and Cox-Foster 2005) , confirming the inescapable interaction between the mite and virus.
For all these reasons, apart from the practical difficulties in dissecting the possible effects caused by the Varroa mite and DWV, under a practical point of view, it is the study of the combined action of the mite and the virus that represents the most relevant problem to be addressed.
Recently, the effect of mite infestation on the interactions between bees, within the hive, has been investigated (McDonnell et al. 2013) ; however, to date, nobody has studied the possible effects of mite infestation, suffered during the pupal stage, on the behaviour of bees in a controlled experiment. Therefore, we carried out detailed observations on the behaviour of adult bees artificially infested during the pupal stage to assess any possible consequence of infestation and the resulting viral proliferation at the behavioural level.
MATERIAL AND METHODS
The biological material (honeybee larvae and V. destructor adult females) was collected in the experimental apiary of the Department of Agricultural and Environmental Sciences of the University of Udine (Italy). Previous studies indicated that local colonies are hybrids between A. mellifera ligustica Spinola and A. mellifera carnica Pollmann (Comparini and Biasiolo 1991; Nazzi 1992) .
Previous studies indicated that DWV is widespread in this area as well as in the rest of Europe (de Miranda and Genersch 2010; Francis et al. 2013; Nazzi et al. 2012) ; moreover, we recently showed that, in our region, in Summer, DWV prevalence approaches 100 % so we can confidently assume that all bees considered in this study were DWV-infected and that mite infestation caused a higher load of viral particles as compared to that in uninfested bees . As far as other bee viruses are concerned, previous field data about prevalence and seasonality of common bee viruses in this area suggest that their influence was likely negligible. As regards to the possible experimental confirmation of the above mentioned data for the bees used in the experiments, it is worth mentioning that there are no methods for testing viral infection in alive bees such as those used for our observations; on the other hand, a possible post-mortem analyses, if possible, would not be relevant since DWV copy number tends to change along the bee's life (de Miranda et al. 2013) .
Bee larvae from brood cells capped in the preceding 15 h and mites from the same cells were collected as described previously . The individuals were collected randomly from several colonies of the experimental apiary both within the same replication and between the different replications. Larvae were transferred into gelatine capsules (Agar Scientific Ltd., 6.5 mm Ø) with none or one mite and maintained in a climatic chamber (34°C, 75 % relative humidity (RH), dark) for 12 days (Nazzi and Milani 1994) . At the eclosion, newly emerged adult bees were separated from the infesting mite and transferred into plastic cages (185×105×85 mm) maintained in a climatic chamber (34°C, 75 % RH, dark) with sugar candy (Apifonda®) and water ad libitum. After 2 days, the infested and uninfested bees were marked with a queen marker kit, consisting of coloured-numbered tags (2 mm Ø) applied on the thorax with a resin-type glue, and transferred into an observation hive housing a single nest comb and a super comb (Dadant-Blatt size) separated by a queen Varroa destructor infestation and honeybee behaviour excluder. Glass walls on both sides, normally obscured with wooden panels, allowed the direct observation of bees' activity; a hole at the top of the box allowed supplementary nutrition if needed; a short tunnel allowed the bees to walk outside the hive, which was allocated indoor to facilitate periodical observations. The observation hive hosted a small colony (about 4,500 adult bees) established in the same year of the biological experiments.
The marked bees were observed, two times a day, every 1-2 days, for 15 min, for 5 weeks. During this time interval, the behaviour of all visible marked bees was classified as follows:
1. In brood cell , if the bee was observed inside a cell The experiment, from the artificial infestation to the in-hive observation, was repeated four times; in total, the behaviour of 57 uninfested and 56 infested bees was studied in the observation hive (Table I) .
The acceptance rate of uninfested and infested bees was analysed using the Mantel-Haenszel test. Differences in the lifespan of uninfested and infested bees were tested with the non-parametric MannWhitney test. The proportion of uninfested and infested bees that appeared inactive or performing different activities during the experiment was compared with a paired t test after angular transformation of data.
RESULTS

Acceptance rate of bees used in the experiment
Overall, about half of the bees introduced into the experimental hive were observed at least once (34 out 57 uninfested bees corresponding to 59.6 % and 32 out 56 infested bees corresponding to 57.1 %); the difference between groups was not statistically significant (Mantel-Haenszel test, P =0.317).
Lifespan of uninfested and infested bees
Uninfested bees were observed for a maximum time of 31 days during the experiment, whereas infested bees were observed at most for 23 days, although a high variability among replicates was observed (Table II) . The difference between groups was significant (Mann-Whitney U test, U =0, n 1 =4, n 2 =4, P =0.01). Table I . Number of uninfested and infested bees introduced in the observation hive in each replication.
Number of bees introduced to the observation hive
Replication
Uninfested Infested 1 9 9 2 1 6 1 4 3 1 3 1 4 4 1 9 1 9 Total 57 56
Proportion of inactive bees
In general, the proportion of inactive bees was very high in both groups for all bee ages (Figure 1) .
In uninfested bees, the highest proportion of inactive individuals was observed during the first week of life and declined until the third week, for rising again later, whereas in the infested bees, this figure was always higher resulting in a significant difference between the two groups (paired t test, t =3.1, df=3, P =0.03).
Activities carried out by uninfested and infested bees
In total, 10, 10, 8 and 3 bees were observed performing the activities described above during the first, second, third and fourth week of life respectively.
The proportion of uninfested bees tending larvae (TL) increased up to second week; later, during the third week of life, a peak in the in-hive activities, such as ventilation and trophallaxis (HD), was observed; finally, during the fourth week, only one uninfested bee was observed dancing on the combs, thus allowing no conclusions on the food collection (FC) activity (Figure 2a) .
On the other hand, the proportion of infested bees observed tending larvae (TL) and dealing with hive duties (HD) was significantly lower compared to that of uninfested mates (paired t test: tending larvae, t =1.77, df=3, P =0.09; hive duties, t =4.2, df=3, P =0.01; Figure 2b ). No infested bees were seen performing the activities related to food collection (FC).
DISCUSSION AND CONCLUSIONS
The number of bees observed at least once out of the total number of specimens used in the experiments provides a rough estimate of the acceptance rate of the bees introduced into the observation hive. The fact that more than half of the bees introduced into the observation hive were accepted, despite the genetic difference with those hosted in the accepting colony, represents a satisfactory achievement and confirms the feasibility of the approach used here. Actually, the Figure 1 . Proportion of uninfested and infested bees that were inactive during the observation according to the age in weeks.
Varroa destructor infestation and honeybee behaviour acceptance rate obtained here is higher compared to that reported previously for non-nestmate bees (Downs et al. 2000) . The similar acceptance rate of infested bees compared to that of uninfested ones does not allow to draw any conclusion about a possible effect of the infestation suffered by newly emerged bees during the pupal stage, on the behaviour of house bees towards them. However, an increasing amount of data about the effects of infestation on the composition of cuticular hydrocarbons McDonnell et al. 2013; Salvy et al. 2001 ) that are essential for nestmate recognition (Châline et al. 2005; Dani et al. 2005; Page et al. 1991 ) and some recent evidence about infestation effects on social interaction (McDonnell et al. 2013 ) suggest that a hostile behaviour towards infested bees would be likely. Actually, the manipulation method used here, where infested bees were reared inside artificial gelatine cells without coming into contact with waxes from an alien hive before being inserted into the hosting colony, is probably the most appropriate for testing the hypothesis that infestation may affect the acceptance of newly emerged bees. Further experiments with larger samples will allow in future to study this interesting aspect under the most suitable conditions.
The experimental protocol adopted here, which included a 12-day infestation period, under lab conditions, followed by a 5-week-long observation period, strongly limits the number of bees that can be used for the observations due to the mortality along the entire process. Nevertheless, we opted for this method since it allowed the use of insects in very standardized conditions that, in our opinion, is essential for this kind of studies.
The maximum time, in terms of days after the beginning of the experiment, that the marked bees were observed in the hive provides a rough estimate of the lifespan of bees under the conditions of the experiment. Infested bees were observed for a significant shorter time compared to uninfested bees, confirming previous observation on the reduced survival of such bees, obtained by maintaining bees in cages under lab conditions . Although cage rearing has allowed to collect valuable data about the effects of parasitism on bee survival and other physiological parameters, it drastically deviates from the norm for a social insect such as the honeybee. Actually, in most cases, several expedients were applied to better simulate the hive situation in order to minimize this deviation, including, for example, the use of synthetic queen pheromone to mimic the queen presence, or a minimum number of bees to account for social interactions, or the use of a piece of comb to simulate the presence of a nest (Williams et al. 2013) . However, although all this arrangements can be considered as satisfactory when studying, for example, the impact of parasitization on some physiological parameters, a plastic cage containing some dozens of bees can not replace the complex situation found in a hive when studying the behaviour of an insect living in a complex society made of thousands of individuals differing for sex, ages and castes, housed in a nest which is open to the environment. For this reason, the data reported here can be considered a valuable confirmation of previous data obtained under artificial conditions.
The proportion of bees observed while inactive was, in general, rather high. This is surely related to the data collection method and represents only a rough estimate of the bee's activity inside the hive. However, some authors reported long resting times for honeybees (Seeley 1996) that were interpreted as a valuable time for brood food or wax production (Winston 1991) or to save energy in view of an abundant harvest (Anderson 2001) .
Interestingly, the proportion of bees observed while inactive was significantly higher for infested bees compared to uninfested ones, suggesting an effect of infestation on the bees' activity.
Uninfested bees performed all the tasks entrusted to them inside the hive (Figure 2a) . On the other hand, infested bees were rarely seen tending larvae and performing hive duties. Therefore, it is possible to assume that the mite infestation causes a significant reduction in the activities of bees within the family. This is certainly disadvantageous for the entire colony; in fact, the lack of bees dedicated to the support and sustenance of the nest mates could lead, in a short time, to a dysfunction of the whole hive system with dramatic consequences on colony balance.
In principle, the effects observed here could be related to a generic weakening caused by parasitization, which would prevent the bees from carrying out their normal activities. This is extremely likely in view of the drastic reduction of body mass observed in infested bees compared to healthy ones; in fact, it has been estimated that infested bees can weight 10 % less than uninfested ones Bowen-Walker and Gunn 2001; Yang and Cox-Foster 2007) .
On the other hand, other more specific effects on bee's physiology could be involved. For example, the brood rearing activity may be affected as a consequence of the reduced development of the hypopharyngeal and mandibular glands of the honeybees, which are necessary for larval food production. In fact, it has been shown that mite infestation reduces the size of such glands by an average of 14 %, when bees were damaged during pupal stages (Schneider and Drescher 1987) .
Other effects related to sensing of chemicals and proper response to them may be involved as well, as suggested by recent data showing that birth weight, which is dramatically affected in case of infestation, is linked to sensory responsiveness to sucrose (Scheiner 2012) . Furthermore, an effect of mite parasitization on the cognitive abilities of honeybees has already been demonstrated; in particular, it has been shown that DWV infection, which is boosted by V. destructor infestation , leads to specific impairments in sucrose responsiveness and associative olfactory learning, possibly in relation to head infections and related interference with signalling cascades underlying learning (Iqbal and Mueller 2007) . Similarly, Li et al. (2013) showed that another common honeybee virus (i.e. Israeli acute paralysis virus) replicates in the heads of the infected honeybees, interfering with normal nervous system functions in the brain and affecting their sucrose responsiveness. Moreover, Kakugo virus was detected in the brain (but not in the thorax or abdomen) of aggressive honeybee workers, indicating a close relation between the viral infection and the bees' behaviour (Fujiyuki et al. 2004) .
Such effects could disrupt the normal sensitivity and reaction to pheromones including brood and queen mandibular pheromone. Altered sensing or reduced reaction to the brood pheromone produced by the growing larvae crying for food ) may affect brood tending. Furthermore, brood pheromone stimulates the hypopharyngeal glands, which trigger pollen feeding and, in turn, maintain a high level of vitellogenin (Johnson 2010) ; this allows the production of larval food and possibly the suppression of the increase of juvenile hormone (Johnson 2010) , preventing the gradual transition to the forager stage.
Similarly, a negative effect on olfactory perception may interfere also with the sensing of the queen mandibular pheromone that suppresses the production of juvenile hormone (Pankiw et al. 1998) , which normally increases with age in worker bees, regulating the physiological processes that are associated to division of labour (Robinson 1987) ; this may influence the timing of the switching to foraging by nurse bees. Furthermore, the queen mandibular pheromone suppresses the title of dopamine in the brain, contributing to decrease the task sensitivity (Johnson 2010) .
Moreover, an indirect effect related to the activation of the immune system could be involved as well. In particular, the immune-challenged bees have a reduced ability to associate an odour with a sugar reward, suggesting that the cost of an immune response affects behaviour and memory formation (Mallon et al. 2003) . The same was noted in bumblebees, which performed poorly in a memory test when the immune system was stimulated (Riddell and Mallon 2006 ). Therefore, it is possible that the behaviour of the infested bees could be altered both because of the damage to the nervous system caused by the pathogen itself (Shah et al. 2009 ) as well as for the engagement of the immune system (Alghamdi et al. 2008; Mallon et al. 2003) .
The observed reduction in brood caring activities induced by the mite on its host represents an interesting evidence. In fact, parasites normally tend to change their hosts' behaviour to increase their chances of transmission, spread or survival (Thomas et al. 2005) . In this case, we observed that young infested bees spend a reduced time looking after the brood. Since the reproduction of the mite can only take place inside a brood cell that is invaded prior to sealing and the mite is carried to the brood cell to be invaded by a nurse bee, a reduction in brood caring would lead to a net reduction of the chance of cell invasion and thus reproduction of the mite. More studies about the Varroavirus interactions are certainly needed to assess if the results observed here simply reflect a reduced physical fitness caused by the parasitization or may have any possible adaptive value either for the mite or the virus.
In conclusion, the data reported here show a relevant effect of mite infestation on honeybee behaviour and allow to draw some hypotheses on the possible causes, keeping into account that the effects reported here should be considered as the resulting effect of mite infestation and the mite-driven viral replication normally observed in infested bees. Further studies will investigate in detail the mechanism accounting for the observed effects.
Moreover, the results show the feasibility of both the infestation and the rearing method that could well be used to test the above mentioned hypotheses and for a number of other studies.
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